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G
raphene nanoribbons (GNRs) are
promising building blocks for novel
graphene-based electronic devices.1

Beyond the most important distinction be-
tween zig-zag edge (ZGNR) and armchair
edge ribbons (AGNR), more general varia-
tions of the geometry of a GNR allow for gap
tuning through one-dimensional (1D) quan-
tum confinement. The electronic and opti-
cal properties of GNRs as a function of width
and topology have been studied by differ-
ent computational2�8 and experimental9,10

approaches. In general, increasing the rib-
bon width leads to an overall decrease of
the band gap, with superimposed oscillation
features that are maximized for armchair
GNRs (AGNRs).2�10 More complex geome-
tries, including GNR heterojunctions, have
been subject to computational investiga-
tion to explore quantumeffects such as con-
ductance oscillations, electron lensing, and
focusing.11,12 Recently, graphene nanorib-
bon heterojunctions have been realized
with lithographic etching techniques11�14

and via chemical routes.15 However, stan-
dard fabrication techniques are not suitable
for ribbons narrower than ∼5 nm and do
not allow to control the width and edge
structure of a specific device with atomic
precision.16 The strong interest in hetero-
junctions andheterostructures (combinations
of multiple heterojunctions) derives from
the fact that they are the fundamental
building blocks of modern high-speed- and
opto-electronics.17 Semiconductor hetero-
structures are usually manufactured by stack-
ing crystalline materials exhibiting different
electronic band gaps, which requires the
use of molecular beam epitaxy or chemi-
cal vapor deposition technologies in or-
der to precisely control the 2D interface.
Lateral heterojunctions represent an even
harder challenge. Polycrystalline graphene
allows to exploit (intrinsically lateral) grain
boundaries acting as 1D interfaces, and the

orientation of confining domain boundaries
can be related to the electronic and trans-
port properties, both experimentally and
theoretically.12,18,19 Going from 1D inter-
faces to “0D” heterojunctions consisting of
a finite set of atoms with controlled struc-
ture, thus, appears to be a highly appealing
next step.
In this respect, intra-GNR heterostruc-

tures might provide a completely new con-
cept for the realization of (opto-)electronic
devices. Indeed, using GNRs as building
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ABSTRACT

Graphene nanoribbons;semiconducting quasi-one-dimensional graphene structures;have

great potential for the realization of novel electronic devices. Recently, graphene nanoribbon

heterojunctions;interfaces between nanoribbons with unequal band gaps;have been

realized with lithographic etching techniques and via chemical routes to exploit quantum

transport phenomena. However, standard fabrication techniques are not suitable for ribbons

narrower than∼5 nm and do not allow to control the width and edge structure of a specific

device with atomic precision. Here, we report the realization of graphene nanoribbon

heterojunctions with lateral dimensions below 2 nm via controllable dehydrogenation of

polyanthrylene oligomers self-assembled on a Au(111) surface from molecular precursors.

Atomistic simulations reveal the microscopic mechanisms responsible for intraribbon hetero-

junction formation. We demonstrate the capability to selectively modify the heterojunctions

by activating the dehydrogenation reaction on single units of the nanoribbons by electron

injection from the tip of a scanning tunneling microscope.

KEYWORDS: graphene nanoribbon . heterojunction . nanoscale materials .
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blocks rather than semiconducting crystalline thin
films, the unique quantum properties of the constitu-
ents can be fully exploited, and the interface between
different GNRs can potentially be realized without
defects. Band gap tuning between different compo-
nents of the heterojunction can then simply be
achieved by varying the width of the components
rather than their chemical composition, potentially
allowing for “all-carbon” device components. In this
spirit, Prezzi and co-workers computationally charac-
terized ideal AGNR heterojunctions formed by a se-
quence of ribbons with different width (e.g., N = 7/8/7
where N is the number of carbon atom pairs across the
ribbon).20 For the N = 7/8/7 heterojunction, “a novel
mechanism for the creation of optically active carbon-
based QDs with prominent and tunable exciton loca-
lization features, which make them suitable for a
variety of applications, ranging from single-photon
emission to optically-driven quantum information”
was demonstrated.20 Even more recently, Li et al.21

studied the electronic and transport properties of
AGNR�ZGNR junctions with ab initio methods and
called for the corresponding yet-to-come experiments.
Because of the inherent limitations of lithographic
methods13,14,10 and of other known approaches to
fabricate graphene nanostructures,16 however, the
experimental realization of GNR heterojunctions with
the required atomic precision has remained elusive.
Bottom-up approaches based on cyclodehydrogenation
reactions in solution22�25 or on solid substrates26�32

have recently emerged as promising routes to the
synthesis of nanoribbons and nanographenes.32 Here
we show that a recently reported bottom-up approach
based on metal surface-assisted intermolecular coupling

and intramolecular cyclodehydrogenation not only
allows for the fabrication of ultranarrow GNRs,26 but
also gives access to GNR heterojunctions with the
required atomic precision.

RESULTS AND DISCUSSION

We focus on the key step of this bottom-up GNR
fabrication method, which is the surface-assisted ther-
mally induced cyclodehydrogenation of linear poly-
phenylenes on Au(111) templates (Figure 1a). The
method, which does not need a Lewis acid or other
catalyst than the supporting metal substrate, is highly
selective and efficient, but nothing is known about the
details of this unique reaction. We consider the parti-
cular case of the polyanthrylene polymer transforming
into N = 7 AGNRs (7-AGNR). Scanning tunneling micro-
scopy (STM) experiments demonstrate that poly-
anthrylene chains adsorbed on Au(111) substrates
(Figure 1a) undergo cyclodehydrogenation upon an-
nealing at 670 K: the ends of the anthryl units alter-
nately pointing “up” and “down” couple with each
other and transform the buckled polymer chain into
a fully planar 7-AGNR (Figure 1a). To understand the
microscopic details of this reaction, we employed
state-of-the-art atomistic simulations based on density
functional theory (DFT) for a model system mimicking
an infinite polyanthrylene chain adsorbed on a Ag(111)
surface (see Methods section and Supporting Informa-
tion for details). The calculations reveal a fundamental
feature in the dehydrogenation process of the polymer
chain: neighboring units on the same side of the
polymer axis react like in a domino effect, until one
side is fully cyclodehydrogenated, while the other still
exhibits the original, uncoupled up-and-down units

Figure 1. Realization of GNR heterojunctions by partial cyclodehydrogenation of polyanthrylene oligomers. (a) STM
measurements and corresponding atomistic models demonstrating the synthesis of AGNRs starting from polyanthrylene
chains assembled on a Au(111) substrate. Deposition of the molecular precursor on a substrate held at 470 K results in
polyanthrylene oligomers (left) via surface-promoted monomer dehalogenation and intermolecular colligation of the
resulting biradical intermediates. Annealing at 670 K triggers cyclodehydrogenation resulting in 7-AGNRs (right). (b)
Annealing at a reduced temperature of 600 K results in partial cyclodehydrogenation and produces intraribbon heterojunc-
tions. The STM image and the corresponding atomistic model show the realization of an atomically precise junction between
a fully reacted N = 7 AGNR and a partially reacted polyanthrylene segment (N = 5þ). STM images are acquired in constant
current mode at 35 K (Vbias = 1 V; I = 0.1 nA).
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(Figure 1b). This unanticipated cyclodehydrogenation
sequence suggests that careful control of annealing
temperature and duration might allow to obtain par-
tially reacted AGNR segments. In fact, 5 min of anneal-
ing at 600 K produces partially cyclodehydrogenated

ribbons (Figure 1b). These ribbons consist of segments
exhibiting the 7-AGNR structure and of one-side-only
dehydrogenated segments. The latter can be viewed
as N = 5 AGNRs with additional benzene rings ortho-
fused to the naphthalene units (5þ-AGNR). Standard

Figure 2. Mechanism of the cyclodehydrogenation reaction as revealed by DFT calculations. (a) Atomicmodels representing
the geometries of the intermediate states along the reaction path. Large white spheres represent silver atoms of the Ag(111)
substrate. The three up�down repetition units of the polymer included in the simulation cell are visible. Small gray/white
spheres represent the carbon/hydrogen atoms of the molecular structure. Arrows indicate atomic rearrangements that will
occur in the highlighted regions upon the transition from one geometry to the next . (b) Energy diagram of the elementary
steps that, iterated, transform the unreacted polyanthrylene chain S0 to the 7-AGNR S7. The energies of the intermediate
metastable configurations and of the transition state configurations are given relative to the initial configuration S0. The line
is a guide to the eye. The gray line between S4 and S5 indicates that this step is a combination of several processes; only the
highest barrier is indicated.
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DFT calculations of the electronic properties of the
partially dehydrogenated 5þ-AGNRs and of the
7-AGNR (see Supporting Information) reveal a band
gap difference of 0.3 eV. GNRs consisting of alternating
N= 7 andN= 5þ segments, as shown in Figure 1b, thus,
provide a first realization of intraribbon heterostruc-
tures, with properties potentially very similar to the
ones predicted by Prezzi and co-workers.20

To understand the unanticipated evolution of the
dehydrogenation, we follow the atomistic details of
the reaction with reference to Figure 2. The reaction is
driven by the van der Waals (vdW) metal/polymer
attraction that energetically favors flat conformations
of the polymer chain, and by covalent interactions with
the substrate that stabilize radical intermediates (see
Supporting Information). We simulate an infinite chain
bymeans of threemolecular units (= six anthryles) with
periodic boundary conditions. The full cyclodehydro-
genation is obtained by iterating a reaction sequence
consisting of six elementary steps involving one and a
half molecular units: two “down” (toward the surface)
and one “up” pointing anthryl ends on one side of the
polymer axis (see Figure 2a).
In step I, due to vdW interactions with the substrate,

the polymer flattens with respect to its ideal geometry
in vacuum, facilitating the formation of a C�C bond
between two consecutive “up” and “down” units. In
this process, one of the H atoms is pushed away from
the surface, while the other points toward the sub-
strate. In step II, the latter H atom is catalytically
detached, binds to the metal surface, and migrates
away from the polymer. Covalent binding to the sub-
strate (see Supporting Information) stabilizes the re-
sulting radical carbon. In step III, the hydrogen atom
that was pointing outward shifts to the neighboring
carbon atom at the edge of the polymer, thus, forming
a local CH2 termination. This further increases planarity
and is also driven by vdW interactions. The following
steps are essentially repetitions of the previous ones
albeit with modified activation energies as revealed by
Figure 2b. We find that the reaction, rather than
continuing on the opposite side of the polymer axis
like in a zippering mechanism, actually continues on
the same side (“one-side domino”) due to the estab-
lished flattening that lowers the latter activation barrier
with respect to the one on the opposite side. Cyclode-
hydrogenation thus continues on one-side only, with
another C�C bond being formed and the correspond-
ing out- and inward C�H bending (step IV), followed
again by surface-catalyzed H detachment and an out-
ward H-shift (step V), which results in a fully flattened
down-up-down unit (S5). Finally, step VI corresponds to
a further dehydrogenation where the CH2 termination
resulting from steps III and V is reduced to a CH
termination.
These six steps could now be iterated again, either

on the opposite side of the chain, or along the same

side in the neighboring up-down-up unit. Because of
the reduced flexibility of the partially reacted chain,
continuation of the reaction on the same side is clearly
favored (see also Supporting Information). This gives
rise to the unanticipated “one-side-domino” cyclode-
hydrogenation sequence: the neighboring units on the
same side of the polymer axis react like in a falling row
of dominoes, until one side is fully coupled while the
other still exhibits the original, uncoupled up-and-
down units. This allows us to realize heterojunctions
by annealing at a reduced temperature (Figure 1b).
Evidently, the fabrication of 7-AGNR/5þ-AGNR het-

erojunctions viamoderate annealing does not provide
sufficient control on the length and position of either
GNR segments. Technologically more appealing pro-
cedures for the fabrication of this particular kind of
GNR heterojunctions would certainly need to rely on
light- or electron-stimulated33,34 cyclodehydrogena-
tion that should allow to lithographically imprint a
desired sequence of partially and fully cyclodehydro-
genated segments into the polymer. As a first step
along these lines, we have verified that cyclodehydro-
genation can indeed be triggered by electron injection
from the tip of an STM. Starting from heterojunctions
obtained as outlined above via moderate annealing,
we demonstrate the ability to shorten the length of 5þ-
AGNR regions in favor of 7-AGNR segments by con-
trolled cyclodehydrogenation using voltage pulses
applied to the STM tip. Figure 3 shows an example of
a 7-GNR with a 5þ-AGNR region, where the 5þ-AGNR
region is shortened by one unit via electron activated
dehydrogenation. Experimentally, the tip is placed at
the indicated location (Figure 3a) and stabilized in
height using the indicated tunneling parameters. The
voltage ramp is then performed with open feedback
loop, that is, at constant height. We find that dehydro-
genation is favorably triggered when tunneling into

Figure 3. Tip-induced cyclodehydrogenation. (a) STM im-
age and corresponding atomistic model of a N = 7/5þ/7
heterojunction obtained via controlled annealing.; (b) STM
image and corresponding atomistic model of the previous
heterojunction after tip-induced dehydrogenation of one
additional unit; (c) I�V curve taken at the positionmarked in
panel a, revealing the activation of the reaction at �2.5 V.
The tip height is stabilized using Vbias = 1.0 V and I = 0.1 nA.
During I�V data acquisition, the feedback loop is turned off.
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the occupied states of polyanthryl below∼2 V. Typical
critical parameters are�2.5 V and tunneling currents of
∼200 nA. Themarked increase of the tunneling current
during the voltage ramp (Figure 3c) is related to the
need of large negative bias values and the related
tunneling transmission that increases with the magni-
tude of the applied sample bias.35 Furthermore, we
find that tips allowing for electron-induced cyclodehy-
drogenation show an increased sensitivity to occupied
polyanthryl states, presumably related to a pronounced
overlap of the occupied polyanthryl and electronic states
of the tip.

CONCLUSIONS

Wehave fabricated intraribbonGNRheterojunctions
via temperature induced partial cyclodehydrogena-
tion of a surface-anchored polyanthrylene chain. Im-
portantly, the details of the cyclodehydrogenation
pathway have been unraveled by extensive ab initio

calculations, which reveal why the process does not
need the presence of a Lewis acid or other catalysts
and makes it possible to synthesize GNRs and hetero-
junctions under vacuum conditions. We have finally
shown that cyclodehydrogenation may also be in-
duced locally by electron injection from the tip of a
STM,which suggests that GNRheterostructure imprint-
ing might become feasible using electron beam “writ-
ing”. Our results demonstrate the power of bottom-up
approaches for the fabrication of graphene-based
nanostructures showing great promise for electronic
applications. The necessary next step toward all-gra-
phene based architectures for (opto) electronic devices
is a reliable transfer of the graphene nanostructures
fabricated on metal templates onto semiconducting
substrates. Experiments along these lines are under
way and indicate that clean, efficient and nondestruc-
tive transfer is indeed feasible [Pang, S.; Cai, J.; Feng, X.;
Müllen, K.; Ruffieux, P.; Fasel, R., unpublished results].

METHODS
STM Experiments. The molecular precursor 10,100-dibromo-

9,90-bianthryl was sublimated at a rate of 1 Å/min for 100 s onto
a clean Au(111) single crystal substrate (Surface Preparation
Laboratory, The Netherlands) which was cleaned by repeated
cycles of argon ion bombardment and annealing to 750 K. The
substrate was maintained at 470 K during deposition to induce
dehalogenation and radical addition. Then, the sample was
postannealed at 600 K for 5min to partially cyclodehydrogenate
the polymers, or at 670 K to fully cyclodehydrogenate the
polymer. A variable-temperature STM and a low-temperature
STM, both from Omicron Nanotechnology, were used to char-
acterize the morphology and induce the dehydrogenation of
the GNRs. STM images and STS data were taken in the constant
current mode under ultra-high-vacuum conditions at sample
temperatures of 35 K in the variable temperature STM and 5 K in
the low-temperature STM.

Atomistic Simulations. Our simulations are based on large-
scale ab initio calculations36 where the whole system, adsorbate
and substrate, is treated within density functional theory that
allows to describe properly the catalytic contributions from the
substrate to the reaction. To account for the influence of the van
der Waals interaction between the polymer and the substrate,
we used a semi-empirical scheme in the form of C6/R

6 proposed
by Grimme.37 Since initial experiments done on Ag(111) indi-
cated an identical polyanthrylene cyclodehydrogenation beha-
vior than on Au(111), modeling of the polyanthrylene cyclode-
hydrogenation was done on a Ag(111) rather than the Au(111)
surface to avoid complications arising from the herringbone
reconstruction of Au(111). The polyanthrylene/metal surface
system is modeled by periodically repeated slabs38 with a
lateral size of ∼22 � 26 Å2, containing the silver atoms of
the substrate, the adsorbed polymer and a vacuum region
20 Å thick. The energy of the different intermediate states
was computed optimizing the corresponding geometries
and the transition states connecting consecutive intermedi-
ates were identified by the climbing image nudged elastic
band method.39

To model the reaction in an unbiased way;under the
hypothesis of an infinite chain (contrary to ref 31 where very
short chain segments were considered);one needs a mini-
mum of three precursor units due to the commensurability of
the polymer and the silver substrate as well as for the descrip-
tion of an uncorrelated cyclodehydrogenation sequence. In our
model, we included three molecular units.
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